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I FOREWORD|

_-I The AenoJet Ltqutd Rocket Company(ALRC) submtts thts summary.report as a
! part of the contract NAS 9-15958, Combustion Performance and Heat Transfer

Characterization of LOX/HydrocarbonType Prope]lants. It ts a condensation

i of the program ftnal report, Reference 1. The program was also documentedwhtle tn progress by meansof three comprehensive data dumpsfor each of the
three tasks and by monthly progress reports.
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ABSTRACT

This program,CombustionPerformanceand Heat TransferCharacterizationof
LOX/HydrocarbonType Propellants,ContractNAS 9-1595B,was undertakento
evaluate 1|quidoxygenand varioushydrocarbonfuels as low cost alternative
propellants suitablefor futurespace transportationsystem applications.The
emphasisof the programis directedtoward low earth orbit maneuveringengine
and reactic,ncontrolengine systems.

The feasibilityof regenerativelycoolingan orbit maneuveringthrusterwas
analyticallydeterminedover a range of operatingconditionsfrom 100 to 1000
psia chamberpressureand 1000 to 10,O00-1bFthrust,and specificdesign
pointswere analyzedin detail for propane,methane,RP-I, ammonia,and etha-
nol; similardesign point studieswere performedfor a film-cooledreaction

, controlthruster.

;- Heat transfercharacteristicsof propanewere experimentallyevaluatedin

,_ heatedtube tests. Forced convectionheat transfercoefficientswere deter-
_, mined over the range of fluid conditionsencompassedby 450 to 1800 psia,
;. -250 to +250°F, and 50 to 150 ft/sec,with wall temperaturesfrom ambientto
:, 1200°F,and heat fluxesto 10 Btu/in.2sec. Nucleate boilingand coking

were also evaluated.

I Seventy-sevenhot firingtests were conductedwith LOX/propaneand LOX/ethanol,for a total durationof nearly 1400 seconds,using both heat sink

and water-cooledcalorimetricchambers. Combustionperformanceand stabilityand gas-sideheat transfercharacteristicswere evaluated. Four injectors

_! were tested:two with conventionallike-on-likedoubletand OFO tripletele-ments, and two with unconventionalplateletelements. Film coolfngwas also
assessed. The combustionchamberwas sized for a nominalthrust of lO00-lbF
at 300 psia chamberpressure,and testing spanneda significantrange of
chamberpressureand propellantmixtureratio conditions.
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l
I I. INTRODUCTION

!_>_" A. PROGRAHOBOECTIVES

I The objectives of thts program wene to evaluate and characterize candidate

:7 11qutd oxygen�hydrocarbon fuel combinations, and to establish a technology

I base for these propellants that would gutde the selection of hydrocarbon• fuels tn future space transportation system applications.

While the program results are pertinent to any size ltqutd rocket engine, theprogram was directed toward that thrust range representative of the current
Reaction Control System (RCS) and Orbit Maneuvering System (OMS) engines on

• the Space Shuttleo

i The current RCSand OilS propellants -- nitrogen tetroxtde and monomethyl
i ,

t-! hydraztne--have several dnawbacks: htgh cost, potential unavailability due
L to limited manufacture, formation of carcinogenic intermediates during manu-

facture, toxicity, handling difficulties, and associated handling require-
merits.

J! The current storable propellant combination was selected over liquid oxygen/
:. ltqutd hydrogen, which offered muchhigher performance but was constrained by

the volu.merequirements of the fuel, as well as over liquid oxygen/

" hydrocarbon fuel alternatives, for which the technology base was generallylacking. The storable propellants had a large technology base, and the
) : simple pressure-fed engine systems promised htgh reliability and minimal

_%J. development cost.
_ Engtne development cost and recurring operational costs are key factors in
_:t the overall cost of a space transportation system. Low-cost easily handled

propellants, typified by oxygen/hydrocanbons, and reusable engine systems
combine to minimize operational costs. Development costs can, in part, be

_J mtntmt_*d by the judicious selection of the propellants; that selectfon
)/| presup_ _.sa substantial technology base. The intent of this program is to
_'#,f4 Contribute to such a base.

i!l!
, The program was conducted over a forty month period, beginning in

"r October 1979. It consisted of three major task areas; as described below.

':_ll These task areas are documented tn three comprehensive data dumps, References
_,,: (2), (3), and (4).

TASK I - REGENERATIVECOOLINGCHARACTERIZATION t

This task comprised two subtasks. First, forced convection and nucleate '_

botltng heat transfer data and correlations available tn the literature for ',"• candidate hydrocarbon fuels were reviewed, Those candidate- included "
e4

'i
_" 1 • !

i '' t

J_,,i.
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I, A, Program Objectives (cont,)

propane,methane,RP-I, and ammonia. Regenerativechambercoolinganalyses
were then conductedto comparethe coolingcapabilitiesof each fuel and
determinethe operatingpoint (thrustand chamberpressure)limits imposed
thereby.Second,heated tube tests were performedto determinethe heat
transfer characteristicsand the coking behaviorof propane, both contmercial
grade and instrumentgrade.

TASKS II AND IV - SUBSCALE INJECTORCHARACTERIZATION

Tasks II and IV involvedthe design,fabrication,testingand data analysis
of subscaleharoware,i.e., nominalthrust of 1000-1bF,to evaluatethe com-
bustionperformance,stability,and gas-sideheat transfercharacteristicsof
liquidoxygen/hydrocarbonpropellants. Four injectorpatter,lswere tested,

:z.. includingconventionalOFO triplets and like-on-likedoublets,and unconven-
_" tional plateletpatternsin which fuel swirlerelementswere locatedwithin
'- pairs of drilledorificeor splashplateoxidizerelements. Heat sink and
I_: water-cooledcalorimeterchamberswere utilized,and a removablechambersec-
t,. tion was used with the former to allow evaluationof chamber lengtheffects.

A fuel film coolant ringwas used in conjunctionwith the tripletand plate-
i_:. let injectors. An adjustableaccousticcavity sectionprovidedcombustion
-_ stability,- .? •

Seventy-seventests were conducted,with a total durationof approximately
1370 seconds. Both propaneand ethanolwere tested,the latterwith gaseous
as well as liquidoxygen. Chamberpressureand mixtureratio were varied
widely to assess operatingpoint effects.

• TASK Ill - PRELIMINARYENGINE SYSTEM CHARACTERIZATION

• In Task Ill numerousengine operatingpointswere analyzedto determine
.-. engine performanceand weight figures for orbit maneuveringand reactioncon-

trol systemthrusters. The work built upon the regenerativecoolingstudies
of Task I, updatedfor the propaneheat transfercorrelationderivedempiric-
ally in that task, and extendedto includeturbomachineryfor pump-fedsys-
tems, alternativechambermaterialsfor the orbit maneuveringthruster,and
film coolingfor the reactioncontrolthrusters.Thruster envelopeswere

•- definedby the currentengineson the Space Shuttle.

C. PROGRAMCONTRIBUTIONSTO NASA OBJECTIVES

i This programsignificantlyenlargesthe technologybase for LOX/hydrocarbon '
_ propellantsand is an importantstep towardsa LOX/hydrocarbonauxiliary ,

propulsionsystem. A number of additionalsteps is obviouslynecessaryfor
i that system to become a reality, i_,

p,

.. ...........................................................................
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[, C. ProgramContrlbutlonsto HASA ObJectlves (cont,)
,I

Spectftc results and conclusions developed tn the program are summarized
below. The extensive experience gatned tn the destgn, analysts, and testtng
of hardware for these propellants also contributes to the technology base but
cannot be readtly quantified.

Hot ftre testtn3 went slnoothly and was qtdte successful. Htgh combustion
p,?rformance was achteved wtth conventional as well as unconventional tnJector
elements and stable combustion was readily obtatned wtth acoustic cavities.
H_vever, chamber gas-side heat fluxes were considerably htgher than values
based on standardized predictive methods. Apart from thts, there were no btg
surprises, and the design of htgh performance, stab]e, regenerattvely-cooled
thrust chambers does not appear to present any unusual or Insurmountable
dtfft culttes.

- Perhaps the biggest dtsapppolntment -- tn terms of using LOX/hydrocarbon pro-
pe]lants for the APSwas the ]ow wa]] temperature threshold determined for
coking of propane. Thts, combined wttll propane's Incompatibility wtth copper,
the materta] of choice ton htgh pressure regenenattve]y cooled chambers
because of tts high therma] conductivity, may eliminate propane as a candf-
date propel]ant. Thts wou]d be unfontuhate, because propane otherwise offers
a desirable combination of htgh combustion performance and htgh mass den-
Sit)'.

On the analytlcalside, the engine point designsgeneratedIn thi_ program,
In conjunction_Ith the systempoint deslgn studiesconductedIn Reference
(5) -- to whlch the Task Ill resultswere input -- stronglysupportany
future selectlonof propellant,operatingpolnt, engine cycle,and degree of
system integration. The approachhere was to first conslderthe flow and
pressuredrop requirementsof the thrust chamberand injectorand then work
upstreamto the turbopumprequirementsand/ortank condltlons,overallengine
performanceand weight, and flnallyIn the Reference(5) programto system
optl_ zatlon.



[[• RESULTSAND CONCLUSIONS

A, TASK I - REGENERATIVECOOLINGCHARACIERIZATION

I, The parametricregenerativecoollnganalysisshowedthe followingfor
the four candidate fuels:

(a) Methane: either vapor phase or supercrtttcal pressure fluid is an
acceptable coolant at higher thrust levels over the entire range of chamber
pressure without the need for additional film-cooling. Subcrtttcal pressures
are unacceptable because of the limtted subcooling.

(b) Propane: either vapor phase or supercrittcal pressure fluid is accep_-
able at higher thrust levels without additional film cooling. Subcritical
pressures are unacceptable because of low burnout heat flux,

(c) RP-I: becauseof low coklngtemperature,RP-I is not a satisfactory
coolant.

(d) Ammonia:either liquid (nucleateboiling)or vapor phase is accept-
able.

;_ 2• Sufficientheat can be pickedup in the nozzle to vaporizethe fuel --
:_ in the case of methane and propaneonly -- to allow vapor-phasecoolingof

the combustionchamber•

3• Heated-tubetesting of propaneresultedin a forced convectioncorre-
lationthat groupedgS% of the data within +__24%.Limitedfilm and nucleate
boilingdata were obtained;burnoutheat fluxwas found to be considerably
higher than an extrapolationof availablelow flux data would predict•

4• Coking in the heated tube tests occurredat wall temperaturesless
than 500°F; coking ratewas comparableto publisheddata for RP-1, Propane
purityaffectedthe rate but not the thresholdtemperatureof coking.

B. TASKS II AND IV - SUBSCALEINJECTORCHARACTERIZATION

I, The like-on-likeinjectorpatternwas fired with LOX/propanein a
heat-sinkchamberand found to be low-performing,as a result of both poor
atomizationand poor mixing. The combustlonwas bomb-stable.

2. The OFO tripletinjectorwas fired with both LOX/propaneand LOX/
ethanolin both heat-sinkand water-cooledcalorimeterchambers• In the cal-

l orimeterchamberit tested with and withoutfuel Perform-
was film-coollng•

• ance was very high with LOX/propane,for which the unit was designed,and
slightlylowerwith LOX/ethanoldue to non-optimumpropellantmomentummatch•

i Combustionwas stablewith both propellantcombinationsi •

f •

i

4

@



If. _. Tasks II ond IV SubsclleInjectorCharacterization(cont,)

3. One plateletinjectorwas designedfor llquld-phaseInJectlonof LOX/
ethanol;the injectorpattern conslstedof a swlr]erfuel elementwlthln two
splashplateoxldlzerele_nts. A]though thl_ unlt achievedhigh performance.

pr_ellant blowapartapparentlyoccurred,causingthe outer peripheryto beoxldlzerrich. The oddltlonof fuel fllm-coolantincreasedthe gas-sldeheat
f]ux as well as injectorperformance.

4. The other platelet tnJector was designed for gaseous ox_,gen (GOX)/
ethanol InJection. The pattern consisted of a fuel swtrler elel_nt within
two drtlled oxidizer orifices. Thts injector achieved htgh performance wtth

'-i amblet;ttemperaturepropellantsand s11ghtlyreducedperformanceat low
_ (-130°F)temperature.

i:_ 5. Tt_roat heat fluxes experienced with ethanol were considerably higher
_ than would be pnedlctedwlth the standardizedplpe-f1(y_correlatlon. The

inferredcorrelatingcoefflclent(Cg)was approxlmately70% hlgher than would
? be expectedfor storablepropellants. The correlatlngcoefflclentfor etha-

nol was found to be extremely sensitive to mixture ratio.

6. Carbon deposition tn the acoustic cavtttes with LOX/propane was exten-

i stve to the point that acousttc damping capabilities could be lost. Film-
coolant injection from the forward end of the cavities reduced the amount of
carbon deposition within the cavities.

i 7. Carbon deposition on the chamber wall occurred only with LOX/propane
and was largely lost during the start and/or shutdown transients. Engine
restart was marked by a return to clean-wall heat flux conditions, followed

i by a progressive decay as the deposition layer increased. As a result, the
t thermal resistance of the deposition laser cannot be assumedfor design pur-

poses to limit gas-stde wall temperatures to less than clean-wall values.
I

8. Carbon deposition was ncgltgible with LOXor GOX/ethanolo The exhaust
plume was clear whereas with LOX/propane tt was not.

C. TASKII! - PRELIMINARYENGINESYSTEMCHARACTERIZATION

1. Design point analyses for ten different concepts (propellant combina-
i ttons and operating points) Involving a pressure-fed regenerattvely-cooled

orbit maneuvering engtne showedthe following:

i (a) Methane,with vapor-phasecoollng,offersthe highestspecific .impulse.

f

i

, i°

- ,®
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/J [1, C, Task Ill - Preliminary Engine System Characterization (cent,)

.t (b) Propane performance., with vapor-pha_0_cooling, Is nearly as high but
is severely degraded wtth ltqutd-pha_ cooling due to htgh ftlm-caoling
requtrenents,

.1
(c) Ethyl alcohol requires no ftlm cooling but the performance is lower
than that of ltqutd propane.

i 2, Analyses of twenty-eight concepts involving a pump-fed,
regenerattvely-cooled orbit maneuveri,_g engine showed the following:

I (a) The highest performance ts again obtained for methane.

:l (b) Performance wtth propane ts slightly lower.
t

(c) Performance of all twelve methane and propane concept,, ts within a
range of 10 sec Isp, over a large range of thrust and chamber pressure.I

J (d) Ethyl alcohol performance ts lower than that of methane or propane,
and the performance of ammoniais only slightly higher than that of

t" pressure-fed storable propellant engine.
(e) In light of the propane/copper compatibility issue, nickel was exam-
ined as an alternative (to copper) chamberwall material and Is found suit-

I able to about 400 psta chamber pressure without the use of film-cooling.

(f) Regenerative cooling with ltqutd oxygen Is feastble at high chamber

i" pressures, tf required because of fuel-cooling !Imitations.
!

(g) Subcooltng the propane could eliminate the need for boost pumps.
I

! 3. Analyses of twelve concepts for the film-cooled reaction control
engine and vernier engine showed the following:

r (a) The trend of performance for the candidate fuels ts stmtlar to thatfor regenerattvely cooled thrusters: methane, propane, ethyl alcohol, and
ammonia.

;j,r (b) Ftlm-r.oolant requirements center around 20% of the fuel for the reac-
tion control thruster regardless of fuel or chamber pressure.

.
t

I :ii
6_
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!_: ! I I, RE_CO_tMENI_ATION$

" A. Investigate the causes of propane coktng -- Impurities, catalytic
effects, etc.

B. Develnp solutions to the tncompattutlity of propane ar0dcopper, _uch
as coatings, alloys, fuel additives, etc.

C. Characterize coktng thresholds and heat transler of mth_ne And
ethanol.

O. Developcorrelationsfor gas-sldesoot formationof LOXlmathaneand
LOX/propane.

E. Characterizegas-sldeheat transferfor these p, _ellal._(typically
higher heat transfer rates ara measuredthan would be p,edlctt_/ilth standard

t_ formulations). Also, characterize film-coollngbehavlo_.

F. Addressfuel-richcombustionbehavioras ,-',llc" . gas generator
and turbopu_ devlces.

G. Evaluatethe cost aspectsand _ ;.._s issues (handling,etc.)
assoclatedwlth LOX/hydrocarbonpropel.:nts.

H. Pursuethe explanationfor anomalousbehaviorobservedduring testing:
(I) the r_ulrement for higher oxidizer-to-fuelmomentumratinsto achieve
o_Imu_ performancein hot-flretests than would be predictedon the basis of
cold-_;lowtest results;(2) the exceptionallyhlgh throatheat fluxes
observedin the ethanolfirings; (3) the increasedcarbon depositioneffect
no_ed w!th lOX/propaneat higher mass flux (_a_er pressure).

i.

i o

t
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IV. TECHNICALOVERVIEW

A. TASK I - REGENERATIVECOOLINGCHARACTERIZATION

Task I consistedof two major subtasks:(I) CoolingCorrelationand Compari-
son; (2) ExperimentalHeat Transfer Investigation.

The most importantaspect of the first subtaskwas the determinationof
regenerativecoolingfeasibilityover the range of operatingconditions
encompassingI000 to 10,000 IbF thrust and 100 to I000 psla chamberpressure
for the four candidatefuels (propane,methane,RP-1, and ammonia). A total
of seventy-fourdesign pointswas investigatedto characterizecoolingfeasi-
bility.

The analyseswere based on a IB hour operatinglife in conjunctionwith a
_ 2000 start cycle life requirement. Minimum coolantchanneldimensionswere
'" limitedto near-state-of-the-artmanufacturingcapability. The gas-sideheat
_ transfercoefficientformulationwas based on laminar,transition,or turbu-
i_ lent flow correlationsas pertinent. Carbon depositionon the gas-sidewas
_" accountedfor -- in the calculationof coolantbulk temperaturerise only --
: by the applicationof a multiplicationfactorto the clean wall heat flux;

the followingfactorswere considered:methane0.765; propane0.42; RP-I
0.25; ammonia1.00. Film-coolingin additionto regenerativecoolingwas not
considered. Coolant-sideheat transferwas based on the ALRC o_gen correla-
tion (Ref. 6) for supercriticalpressurepropaneand methane;all other
forcedconvectionmodes were representedby the Hines Equation (Ref.7).
Figure 1 shows the feasibilitypredictionfor the four propellantcombina-
tions.

In the second subtaskthe heat transfer characteristicsof propanewere
investigated. The objectiveswere to correlatethe forced convection
behaviorat sub- and supercriticalpressures,determinethe nucleateboiling
and burnoutheat flux characteristics,and evaluatecoking behaviorat
elevatedwall temperatures. Twelve tests were conducted,exceeding18,500
sec. durationand accumulating840 individualdata points.

Forced convectionhpat transfercoefficientswere measured over the following
ranges:

i Pressure: 450 to 1800 psia
Bulk Temperature: -250 to +250°F
Velocity: BO to 160 ft/sec

0.2 to I0 Btu/in.?sec
Heat Flux:
Nucleate boilingcoefficientsand criticalheat fluxeswere determinedover :
the followingranges: ,

I

, B ,
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OF POOR QUALITY

IV, A, Task I - RegenerativeCoolingCharacterization.(cont.)

Pressure: 450 to 500 psta
Bulk Temperature: -240 to - 12°F

VATsub: 20,000 to 40,000 F ft/sec

Coktng was evaluated over the following ranges:

Pressure: 1800 psi a
Bulk Temperature: 70 to 230°F
Wall Temperature: 350 to IO00°F
Velocity: 50, 150 ft/sec
Grade: Instrument(99.5%purity)

Natural (96%purity)

Test sectionsconsistedof 5 to 10.5 in. Morel KSO0 tubes of 0.125 or 0.1875
in. O.D. and 0.015 in. thick wall. The tubes were electricallyheated by
means of a 225 KW DC power supply. Five _ring-loaded thermocoupleswere
locatedalong the tube length and insulatedfrom it by thin piecesof mica;
the configurationhad previouslybeen calibratedagainstmeasuredtube wall
temperaturesand the datawere correctedaccordingly. Figure 2 shows the
test sectioninstallation.

Forced convectionheat transferdata were correlatedby using the following
equation:

d e kb f Cp_b)g (I +L--_D) :NUb = (K)(Reb)a (Pr)c (_wb) (_bw)(]_w) ( (pp___p__)hcrit

where: Nu = Nusselt number
Re = Reynoldsnumber
Pr = Prandtlnumber
p = Density

= Viscosity
k = Thermal conductivity
Cp = Specificheat
K = Experimentaldeterminedconstant
P = Pressure
Pcrit= Critical pressure

, LTD = Length/diameterfrom initiationof heating

and subscripts:

b = denotespropertyevaluatedat bulk temperature
w = denotespropertyevaluat_,dat wal] temperature

.. 10 _'

, ++ ;
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i OF I_._R _JALITY

' IV, A, Task I - Regenerative Cooling Characterization (cont.)

_ The constants k, a, c, d, e, f, g, and h were determined from the forced con-
vectton data by using a multiple regression analysis computer program.

Five cases were analyzed, as follows:

i i i

Case _offlctents I txponenta STO
_;...-___r K a C d • f g _ _Pt|i_1(Pn Ceamnts

1 .00S38 .90 .4* -.12S .242 .193 -.39S -.024 .130 All forced convection data

2 .0014S 1.0- .4* -.227 .3S7 .069 -.299 ..037 .136 Ali forced convection data
Re,molds number ftxed

y 3 .00S4S .898 .4" *.114 .228 .267 -.S28 O" .130 A11 forced convection data
!_ (P/PcHt) removed

4 .00532 .889 .4" -.12g .351 .0995-.432 O* .127 Supercrlttcal data
(PlPcrtt) removed

S .00S68 .876 .4" .120 -.142 .828 -.368 .2S4 .121 Superc'rtUc41 data

• wtt_ (PlPcrtt)tere

• Oenotes exponent held constant tn analysts

_ Ftgures 3 and 4 plot the recommendedforced convection correlations based on
all data and supercrtttcal data only (cases 3 and 5). '

Burnout heat flux data were correlated by:

_0 = 0.5 + 0.00027 VAT sub

where:
(6Bn = Burnout heat flux- Btu/in.2sec

" '_ = Velocity - ft/Sec
ATsub = (T saturation - T bulk) - °F

Coke butldup rate, defined as the change in coke thermal resistance per untt
time, was correlated against reciprocal temperature as shown tn Figure 5.
The results for propane are not significantly different from those for RP-1,
as given in Reference 8, which is considered to be a very "sooty'* fuel.

, B. TASKS II AND IV - SUBSCALE INJECTORCHARACTERIZATION

The objectivesof Tasks II and IV was to etabllsha data base characterizing
t! i LOX/Hydrocarbon combustion, in particular the influence of injector pattern, ,

' acousticcavity configuration,chamberlength,operatingpoint, and film-
cooling,on performance,heat transfer,and stability.

' Seven test seriescomprlslng77 tests and a total durationof 1367 sec werei'2_ ,,
4' conducted. Table I summarlzesthe test serles. Major variab]esof the test ,.
_; : , series are listedbelow. ._

12 "
_ L
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IV, B, Tasks II and IV SubscaleInjectorCharacterlzation(cont.)

Propel lant combinations:

j LOX/Propane
, LOX/Ethanol

Injectors:

tlke-on-llke,conventlonalEDH-dr111edorlflces

OFO trlplet,conventionalEDM-drllledorlflces

Splashplate-Swlrler-Splashplate,pla_eletpreatomlzedtrlpletOFO

i Orlflce-Swlrler-Orlflce,plateletOFO tripletwlth EDM-drllled
oxldlzerorlfices (gaseousoxidizer)

- Fll_oolant injector (ring)

Chambers:

4 In. L' heat sink
8 in. l' heat sink

i 8 In. l' water-cooled calorimeter chamber

Other Variables:
Oxygen state (liquid and gas)

i Propel lant temperature
FIIm-coollng percentage

i

Chamber pressure
7 MIxture ratlo
I

Testingbegan with a like-on-likeinjectorand heat sink chamberwhich could
: be extendedto a longer length by means of a heat sink barrelsection.
f Figure 6 shows the heat slnk hardwareand like-on-likeinjector. In thet

secondtest seriesthe injectorwas replacedwith an OFO tripletpattern
unit. Figure 7 shows this injectorand the five ring manifoldinjectorcore.

1.
The water-cooledcalorimeterchambercontainednine separateflow sections
gangedto twenty-fourclrcumferentlalcoolantchannels. Figure 8 shows the

Ii copper liner and severalsplit rings,which form the coolantpassagesin thethroat section,prior to brazing Into the surroundingcylinder. Figure 9
shows the completedassemblyand one of its two externalmanifolds. External

. manifoldingallowedthe possibilityof replumblngthe coolantflow through
' the chamber.

i

"" t
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]
IV, B, Tdsks II and IV - SubscaleInjectorCharacterlzatlon(cont,)

The fllm-coolantinjector(ring)served also as the acoustlccavitysection,
. wtth the film-coolant being injected from the forward side of the cavity and

mechanically atomtzed by impingement agatnst the injector periphery. This
approach worked very well and as an added benefit, kept the cavities free of
soot which o£herwtse was deposited. Figure 10 shows the hydrotest of the
film-coolant rlng,without the main injector.

Two plateletinjectorswere fabricated,both OFO-typepatternsIn which the
liquidswere mechanlcallyatomizedprior to injection. In both units the

.. fuel element was a swtrler type which formed a spray cone. The oxtdfzer ele-
ment in the first unit was a splashplate,and in the second unit -- which was

, designedfor gaseousoxygen -- a simpleEDM-drllledorifice. The injector
plateletstacks consistedof 15 or 16 nickelsheets bonded togetherto a
total thicknessof approximately0.125 inch. Figure Ii shows the hydrotest
of the llquid-llquidinjector.

The calorimeterchamberas mountedon the test stand is illustratedby Figure
i 12.

Test Series I. The first test series involved18 short durationtests of the
iike-on-llkeinjectorin 4 and 8 inch heat sink chambers. Ignitionon all
tests was reliableand smooth. Stabilitybombs producedchamberover-
pressuresof 100% which were damped in less than 4 msec throughthe use of
acousticcavities. Performancewas low: 85% energy releaseefficiencywith
the 4 inch chamberand 93% with the 8 Inch chamber.

Test Series 2. Eleven short firingswith the OFO tripletinjectorand 8 inch
heat Slnkchamber were conductedin the secondte_t series. The combustion
was bomb-stablewlth acousticcavities but could be bombed unstablewithout
cavities. Energy releaseefficiencywas 4.5% higher,97.5% at the nominal
operatingpoint.

Test Series 3. The calorimeterchamberwas used for the first time in this
serles, in conjunctionwith the OFO triplet injector. Ten tests were con-
ducted. Firing durationsof 20 to 60 secondswere requiredbefore th_ full
hea_ flux reductiondue to carbon depositionon the gas-sldechambersurface
was realized. Cumulativetest-to-testheat reductionsdue to carbon deposl-

; tion _ere not experienced,and in fact the shutdownand/or startuptransient
removeOmost of the carbon deposit,such that in effect each firing started
from a clean-wallcondition, The acousticcavitieswere progressivelybeing

T filledwith soot,which would ultimatelycause loss of dampingeffective-
ness. The highestheat fluxeswere recordedat low mixture ratio (O/F),and
the hl_nestcarbon builduprates at high mixture ratio. This effect is :

: believedto be the resultof a fuel-rlchwall environmentproducedby the OFO
i

t
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I
IV,B, Tasks II and IV - Subscale InJectorCharacterization(cont.)

element when the oxidizer-to-fuel momentumratio ts htgh. Combustion per-
romance In the long durationtests was s11ghtlyhigher (1.5%)than In the
short durationheat slnk chambertests, The OFO trlplet InJectorachieved

g9% efficiencyat all mlxtureratios above 2.7.

Test Series 4. In test series 4 the fuel 1"llm-coolantrlng (inJector)was
i_ added to'the test configuration of the previous sertes, Performance and heat
; transfer data were obtained with O, g, and 14% fuel film-cooling. Ntne tests

were conducted. Significant redt,cttons (approximately 50%) tn both barrel

- and throat heat fluxes were experienced at the highest film-coolant rate. Inthe last ftve seconds of each firing, the fuel film-cooling was discontin-
ued; the wall heat flux gradually returned to the values measured without
film-cooling tn Series 4, indicating that the thermal resistance of the car-

_: bon deposit may be a unique function of operating point and not of previousoperating history.

: Test Series 5. In thfs series the above hardware was tested wtth LOX/Ethanol. All prior testing was wtth LOX/Propane. Combustion performance was
slightly degraded (approximately 1.5%) due to non-opttnlum propellant momentum

- ratio. In contrast to the LOX/Propane firings, there was no chamber sootingand the exhaust plume was clear. The throat heat flux was somewhathigher
(approximately 20%) than the peak values for LOX/Propane and approximately
60%higher than steady-state values with full carbon buildup.if-

Test Series 6. The platelet splashplate-swlrler-splashplate injector was
tested wtth LOX/Ethanol tn ntne hot firings in thts test series. In the

i absence of film-cooling, head-end heat fluxes were down and combustion effi-ciency was about 1o5% lower than measuredwtth the OFOtriplet. Both head-
end heat flux and performance increased wtth small amounts of fuel film-

i cooltng, Indicating an oxidizer-rich boundary condition which Is attributedto propellant blowapart. Wtth film-cooling the platelet injector achieved
s11ghtly higher performance and lowr wall fluxes than the OFOtriplet injec-
tor.

t"

i Test Series 7, In the last test series, another platelet tnJector was tested
_hlrteen tln_s wtth GOX/Ethanol. Eleven tests were conducted wtth ambient

_- temperature propellants and two with cold (-130°F) propellants. Performance
was sltghtly higher than measured wltn the other platelet Injector, wtth a

:,. nomtnal point energy release efficiency of 99%. Cold propellants caused a 2%
. performance loss. There was no evidence of blowapart.

; i Experimental results are highlighted in Figures 13 through 15. Ftguros 13 '
:-'" and 14 display engtne specific impulse versus mixture ratio, chamberpres-
_. _" sure, and percent film-cooling for LOX/Propane and LOX/Ethanol respectively, ';

..:' ° for the four injectors tested. Figure 15 compares the measured throat heat i
]

flux for the three OFO-type injectors and two propellant combinations. . ;

%
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IV, Technical Overview (cont.)

C. TASK Ill - PRELIMINARYENGINE SYSTEMCHARACTERIZATION

The objectiveof Task Ill was to characterizeLOX/Hydrocarbonengine system
parameters,In particularperformanceand weight for orbit maneuveringand
reactioncontrolsystem thrusters. Task Ill resultsformeda basis for a
relatedcontract,LOX/HydrocarbonAuxillar_PropulsionSystemStudy (Ref.5),
conductedby McDonnellDouglasAstronauticsCompany to characterizethe
entire pod system. ALRC also supportedthls programunder subcontractto
provideadditionalparametricdata.

Thirty-elghtOME and twentyRCF design pointswere analyzedon the two con-
tracts. Four fuelswere considered:propane,methane,ethyl alcohol,and
ammonia. Of the OME design points,twenty-elghtwere pump-fed systemsand

_ ten were pressure-fed. The pump-fedsystemswere primarllygas generator
cycles in which the fual-richgas was used to drive separateturbopumpsfor
the two propellants:commonshaft conceptswere also investigated. Several
expandercycleswere investigated. Figure 16 illustratesthe OME cycles
schematically,_11 twenty of the RCE designswere treatedas pressure-fed.
Twelve ':_rnierengine design pointswere also analyzedin a cursorymanner.

The analyticalapproachfor a given design poiht was to first determinethe
chambercoolantneeds;these in turn determined_urbopumprequirementsor
tank pressurerequirementsIn pressure-fedsystem_, Turbopumprequirements

• dictatedgas generatorrequirements. The engine compnnentswere thus ana-
lyzed sequentiallyand thereuponthe overallengineweight and performance
figurescould be calculated.

In generalthe groundrulesand assumptionsthat guided the analysiswere con-
sistentwith good design practiceand the requirementsof the currentengine
specifications. Currentengine envelopeswere maintained.The propaneheat
transfer resultsobtainedin Task I were utilized for both the propaneand
methanedesigncases. The higher-than-normalgas-sideheat fluxesobserved
with hydrocarbonfuels in NAS 3-21030 (Ref. 9) as well as in Task II were
accountedfor.

Key resultsof the parametricstudy are presentedin Table II _or a11 cases
analyzedunder both contracts.

!
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